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RESEARCH MEMORANDUM 


OFF-DESIGN PERFORMANCE OF DIVERGENT EJECTORS* 
By Milton A. Beheim 


SUMMARY 

The off -design performance of fixed- and of variable-geometry di- 
vergent ejectors was investigated. The ejectors, which were designed 
for turbojet operation at Mach 3, were investigated in the Mach n umb er 
range 0.8 to 2. The performance of a fixed- geometry ejector with high 
secondary-flow rates was competitive with that of more complex variable- 
geometry ejectors. Variable-geometry ejectors with compromises to re- 
duce mechanical complexity produced performance reasonably close to that 
of an ideal variable ejector. 


INTRODUCTION 

Simple fixed-geometry divergent ejectors designed for good perform- 
ance at high flight speeds (e.g., Mach 3) suffer large performance losses 
at low speeds. This loss results from jet overexpansion, which depends 
on the geometry and the jet and stream interaction. Analyses have shown 
that the performance of such an ejector can be so poor at low speeds 
that an airplane would not be able to accelerate to the high design 
speed. In other cases where sufficient thrust was available during 
acceleration, excessive fuel consumption occurred. 

The following techniques of solving the problem are considered in 
this investigation: (l) Compromise the design performance to improve 

off-design performance; (2) employ variable geometry; (3) employ large 
amounts of secondary airflow to fill in the excess area of the exit. 

These schemes were investigated in the NACA Lewis 8- by 6-foot tunnel 
in the Mach number range 0.8 to 2. 


SYMBOLS 


Cp boattail drag coefficient based on maximum cross-sectional area 
D boattail plus base drag 


*Title, Unclassified. 
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exit diameter * *** *** *** * * 

maxi mum forebody diameter 
primary-nozzle diameter 
spoiler diameter 
secondary-nozzle diameter 
ejector gross thrust 
gross thrust of ideal completely expanded primary flow- 
axial distance from primary-nozzle exit to ejector exit 
Mach number 
bypass mass-flow rate 
secondary mass -flow rate 
maxi mum capture mass -flow rate of inlet 
primary total pressure 
secondary total pressure 

free-stream total pressure (upstream of model) 

local Pitot pressure 

base static pressure 

boattail static pressure 

exit-plane static pressure 

free-stream static pressure (upstream of model) 
primary total temperature 
secondary total temperature 
free-stream velocity 
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v s secondary weight-flow rate 

y normal distance from body surface 

a divergence angle, deg 

0 boattail angle, deg 
Subscripts : 

ab afterburning 

1 local 

nb no afterburning 
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APPARATUS 
Ejector Models 

Thirteen different ejectors were used in this investigation, each 
identified by number. Sketches of the ejectors are presented in figure 
1, and each sketch is accompanied with a table of the geometrical param- 
eters. These parameters are also summarized in table I. Ejectors 1 to 
12 were mounted on the cylindrical section of the model, which had an 
8 -inch outside diameter. With ejector 13 the outside diameter of the 
cylinder was reduced from 8 to 6.4 inches by an abrupt step 22 inches 
upstream of the exit plane. 

Ejectors 1 to 9 and 13 had low boattail angles representative of 
nacelle-type installations. Ejectors 10 to 12 had high boattail angles 
as with certain fuselage-type installations. 

Ejectors 1 to 9 were investigated with either of two primary- 
nozzle-exit diameters corresponding to operation with full afterburning 
and with no afterburning. The ratio of nonafterbuming to afterburning 
primary-nozzle diameter was 0.75. 

Ejectors 1 to 6 (figs. 1(a) to (d) ) were fixed-geometry types with 
various values of the geometrical parameters that affect ejector per- 
formance (such as expansion ratio, secondary diameter ratio, divergence 
angle, etc.). All ejectors except ejector 3 were conical. Ejector 3 
had a divergent wall contoured (by the method of ref. l) to produce 
nearly axial flow at the exit plane. 
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are shov& Jn fifemje 1(6?. I T^y w#ft*e tl]l s P°t ler t° encourage jet 

separatio*n,* ancL* air* iV t fecti!>n *tMr<5ugh ^Mtfuiaj - sTLots ift. the divergent 
wall to encourage jet separation and to fill in excess flow area at the 
exit plane. These techniques were investigated independently and also 
s imultane ous ly . 

One type of variable-geometry ejector (7) that was investigated is 
illustrated in figure l(f ) . The divergent portion was assumed to be com- 
posed of several leaves that could be rotated in such a manner as to vary 
the exit area while maintaining a fixed secondary diameter. As flight 
Mach number (and simultaneously nozzle pressure ratio) decreased, the exit 
area would be decreased to provide the correct expansion ratio. The two- 
step boattail geometry that is shown would result in higher boattail drag 
at Mach 3 than would occur if a single boattail angle had been selected, 
but it would incur less drag with low-speed positions. An actual variable 
ejector of this type was not constructed; but rather various positions of 
the movable portion corresponding to operation at various Mach numbers 
were selected, and models were constructed to simulate these conditions. 

Another variable-geometry ejector (8) that was investigated is shown 
in figure l(g) . As with ejector 7, the divergent portion was assumed to 
be constructed of leaves that could be rotated to vary exit area while 
maintaining a constant secondary diameter. However, in this case the 
boattail was kept fixed. As a result, as exit area decreased, base area 
increased. The model was designed with a removable base plate to investi- 
gate the effect of base bleed flow. Again, fixed- geometry models were 
constructed to simulate various positions of interest of the movable por- 
tion of the ejector. 

A third type of variable-geometry ejector (9) that was investigated 
is shown in figure l(h) . In this case the boattail and exit area were 
both fixed and the secondary diameter was variable. The divergent wall 
was assumed to be constructed of leaves that were hinged at the exit plane. 
At the design Mach number the secondary diameter would be at its minimum 
value and would be large enough to permit the passage of the cooling 
secondary airflow. At lower than design Mach numbers the secondary diam- 
eter would be increased to permit the flow of sufficiently large quantities 
of secondary air to fill in the excess flow area at the exit plane and 
prevent overexpansion of the primary flow. As with the other variable 
ejectors, fixed- geometry models simulated positions of interest of the 
hypothetical variable ejector. 

As indicated earlier, ejectors 10 to 12 (figs. l(i) and (j)) had 
higher boattail angles than those discussed thus far. They simulated a 
family of fixed- geometry ejectors with various values of the geometrical 
parameters. Only one primary-nozzle position ('corresponding to full 
afterburning) was investigated with these models. 
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Tunnel Installation 

A schematic sketch of the installation of the model in the tunnel is 
shown in figure 2. The downstream portion of the walls of the 8- by 
6-foot test section have been perforated to permit operation at any Mach 
number from 0.6 to 2.1. The support struts were swept forward 45° to 
attain a more continuous blockage area distribution for more uniform flow 
at transonic speeds. Primary and secondary air were ducted separately to 
the model through the support struts. 

Pitot pressure profiles normal to the body just upstream of the boat- 
tail are shown in figure 3 for several tunnel Mach numbers. Survey rakes 
were placed in the plane of the strut and also normal to it. Their axial 
location is indicated in figure 2. Ignoring unusual distortions of the 
profiles, it appears that boundary- layer thickness was about 0.8 inch at 
Mach numbers 2, 1, and 0.8, and about 1.3 inches at Mach 1.35. 

Local Mach numbers (denoted by Mj) computed by means of the Rayleigh 

equation from the local body static pressure and the Pitot pressure far- 
thest from the body are shown in figure 3. These Mach numbers show a 
circumferential variation that probably was due to the wake from the 
support strut. At tunnel Mach numbers 2, 1, and 0.8, the local Mach number 
was lower in the region behind the strut, and at Mach 1.35 it was lower in 
the plane normal to the strut. The reason for this shift of the low Mach 
number region as tunnel Mach number is varied is not apparent. 

Boattail static -pres sure distributions also indicated a varying de- 
gree of circumferential variation. This variation was greater at higher 
tunnel Mach numbers (e.g., Mach 1.35 compared with Mach 0.8) and also 
generally with higher boattail angles. The worst condition investigated 
(ejector 5 or 6) is shown in figure 4 at several tunnel Mach numbers. 

The boattail angle in this case was 7.5°. The region of lowest pressure 
was behind the strut at Mach 1.35, but at Mach 1 it was in the plane normal 
to the strut. At Mach 0.8 the pressures were fairly uniform. Although 
ejectors 10 to 12 had higher over-all boattail angles (in two steps) than 
ejector 5, the pressures were more uniform. The pressures of other ejec- 
tors with lower-angle single-step boattails were also more uniform. 
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Experimental f’rVcedure 


All ejectors were investigated at several Mach numbers. With ejectors 
1 to 12 several values of primary-nozzle pressure ratio were employed at 
each Mach number, and with each pressure ratio several values of secondary 
flow were investigated. Only one primary-nozzle pressure ratio with 
several values of secondary flow was investigated at each Mach number 
with ejector 13. 

For ejectors 1 to 9 full afterburning was assumed for Mach numbers 
1.35 and greater, and no afterburning for Mach numbers 1.35 and less. 

The assumption of the Mach number at which afterburning was turned on did 
not affect the generality of the conclusions. For ejectors 10 to 13 full 
afterburning was assumed to occur over the Mach number range of the in- 
vestigation. Total temperature of both primary and secondary air was 
about 80° F. 


Data Reduction 

Weight-flow rates were obtained with standard ASME orifices. Pri- 
mary total pressure was computed from the primary weight-flow rate and 
measured static pressures in the primary nozzle upstream of the con- 
vergent portion. Secondary total pressure was measured with rakes up- 
stream of the primary-nozzle- exit station. 


Because the force-measurement apparatus did not perform with con- 
sistent accuracy during the test, ejector gross thrust (exit-plane total 
momentum) was generally computed from the sum of the total momentum of 
the primary and secondary streams at reference stations within the ejector 
plus the sum of wall forces in the axial direction between the reference 
stations and the exit plane. In general, this procedure gave satisfactory 
results. Exceptions occurred when large quantities of secondary airflow 
were used (specifically, the exceptions were ejector 8, Mach 1.35 with no 
afterburning, and ejector 9, Mach numbers 1.35 and 1.0 with no afterburn- 
ing) . In these cases the thrust computed by this procedure slightly ex- 
ceeded the maximum theoretical value with the given secondary and primary 
weight-flow rates and total pressures. This discrepancy is illustrated 
in figure 5 for ejector 8. At Mach 1.35 (fig. 5(a)) the measured value 
of adjusted thrust ratio (computed from the gross thrust obtained by the 
procedure described) exceeded the maximum possible value at very high 
values of secondary-flow ratio. Ibis did not occur at Mach 1.0 (fig. 
5(b)), which was the more typical situation. It is believed that this 
error was a result of circumferential variations of the secondary flow 
that were not detected with the instrumentation employed and that became 
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important only when the secondary-flow rate was unusually large. For these 
exceptional cases, the maximum theoretical values were used in the ANALYSIS 
section. 

With the modified versions of ejector 1 (i.e., with spoilers and with 
air injection) the wall surfaces were too irregular to evaluate the wall 
force. Therefore, the data from the force-measurement apparatus (a 
strain gage and bellows arrangement) were used of necessity. For these 
configurations the apparatus appeared to be operating reasonably well. 


Thrust Eatio 

In the ANALYSIS section of the report an effective thrust ratio 
(F - m s V 0 - D) /F ± is evaluated that required a knowledge of the gross- 

thrust ratio F/F± and the boattail plus base drag D. At some Mach 
numbers where these data were not obtained, an estimated value for small 
secondary-flow ratio was computed by the following procedure: (l) If 

the expansion ratio was correct for the particular nozzle pressure ratio 
(fully expanded) , a 2-percent loss in gross- thrust ratio was assumed to 
account for friction losses in the nozzle. (2) Additional losses in 
gross-thrust ratio due to flow divergence at the exit plane were computed 
assuming F/F-l = (l + cos a)/2. (3) If the primary flow was underex- 

panded, the additional loss in gross- thrust ratio was computed from a 
calculation of exit-plane momentum. (4) If the primary flow was over- 
expanded, estimates of gross-thrust ratio were made based on earlier un- 
published data. (5) Boattail drag was computed from reference 2. 

(6) The configurations for which these estimates were made did not have 
bases; therefore, base drag was not needed. 


RESULTS 

The basic data are presented in figures 6 to 22. Parameters pre- 
sented are thrust ratio, ejector pressure ratio, boattail drag coeffi- 
cient, and either base pressure ratio (if a base existed) or exit 
static-pressure ratio as functions of secondary-flow ratio. The exit 
static-pressure ratio is useful as an indication whether or not the pri- 
mary flow is overexpanded. 


ANALYSIS 


The data of figures 6 to 22 have been used in an analysis of the 
performance of the ejectors over a Mach number range to obtain a compar- 
ison of the solutions considered for the off-design ejector problem. As 
a basis for comparison, nozzle pressure-ratio schedules with Mach number 
were assumed as shown in figure 23. Two schedules were used: the 
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currently or planned for the near future, and the schedule for ejector 
13 is for an advanced, hypothetical, low-pressure -ratio turbojet using 
a transonic compressor with a design Mach number of 4. 

The performance parameter upon which the analysis is based is an 
effective thrust ratio (F - m s VQ - D)/F^, defined as the ejector gross 

thrust minus the free- stream momentum of secondary air minus the drag of 
the boattail and base (if there is one) divided by gross thrust of the 
ideal fully expanded primary flow. With this parameter, configurations 
designed for a given engine and nacelle size but having different after- 
body geometries and secondary flows can be compared directly. 


Fixed Geometry and Low Secondary Flow 

If a fixed- geometry ejector is designed to provide peak performance 
at a particular design Mach number, and if off-design performance is not 
a consideration, then the ejector of necessity must have the correct 
expansion ratio for that Mach number, and the flow divergence at the 
exit plane must be small. Ejectors 1 to 3 are of this type with a design 
Mach number of 3. Assuming that a 2-percent secondary-flow ratio is 
sufficient for cooling purposes over the Mach number range 0.8 to 3, the 
performance of these ejectors in this Mach number range is shown in fig- 
ure 24. Performance of all three ejectors was very poor in the transonic 
speed range with no afterburning operation. Ejector 2, which had a 
larger secondary diameter than ejector 1, showed better jet separation 
characteristics than ejector 1 only at Mach 0.8. The performance of 
ejector 3 with a contoured divergent wall was about the same as that of 
the conical ejectors. 

The off -design performance of these fixed-geometry ejectors can be 
improved, at the expense of on-design performance, if the divergence 
angle is increased or if the expansion ratio is decreased. A higher 
divergence angle would improve the jet separation characteristics and 
thus reduce the degree of jet overexpansion (although the pressures in 
the separated region may still be lower than is desirable because of the 
base-pressure phenomenon (ref. 3)). With a smaller expansion ratio, the 
flow would not be as badly overexpanded at off-design conditions. 


With ejector 4 the expansion ratio was the correct value for Mach 3 
operation, as with ejector 1, but the divergence angle was increased from 
9° to 25°. The performance of this ejector is compared with that of 
ejector 1 in figure 25, again for a flow ratio of 0.02. The high Mach 
number afterburning performance of ejector 4 was estimated to be somewhat 
less than that of ejector 1 because of the higher divergence angle, but 
large improvements in performance occurred at Mach numbers 0.8 and 1.0. 
However, no improvement was attained at Mach 1.35 with no afterburning. If 
the afterburning had been continued to some lower Mach number than Mach 
1.35 (say.Mactfi ejector 4, this region of low performance could 
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With ejectors 5 and 6 the expansion ratio is decreased to that cor- 
responding to complete expansion at Mach 2.2. With 2-percent flow ratio 
the performances of ejectors 5 and 6 were identical and are also com- 
pared with that of ejector 1 in figure 25. Except for the region where 
underexpansion losses were appreciable (near Mach 3), ejector 5 or 6 
provided higher performance than either ejector 1 or 4. The loss in 
performance of the compromised ejectors (4 to 6) was about the same at 
Mach 3, but ejectors 5 and 6 were superior at all other Mach numbers. 
Therefore, it appears that a decreased expansion ratio is a much better 
compromise than an increased divergence angle. 


Fixed Geometry and High Secondary Flow 

The reason a fixed-geometry ejector performs poorly at Mach numbers 
less than design is that the exit area is too large for the available 
pressure ratio. If the secondary flow were increased sufficiently at 
this condition, it would fill in the excess exit area and prevent over- 
expansion of the primary flow. In designing a fixed- geometry ejector 
that will employ this technique to improve the off-design performance, 
it is necessary to select a proper value of secondary diameter to opti- 
mize over-all performance. It is desirable that there be sufficient 
secondary flow to prevent primary-flow overexpansion and also that the 
secondary flow have as high a total pressure as possible so that over- 
all performance will be high. If the secondary diameter is too large 
for the amount of secondary flow being used, then throttling losses of 
the secondary air would occur, with an accompanying loss in ejector per- 
formance. On the other hand, if the secondary diameter is too small, 
it may be impossible to pass sufficient air at the available pressure. 

The effect of increased secondary flow on off-design ejector per- 
formance is shown in figure 26 for ejectors 3 and 6 and for two posi- 
tions of the variable portions of ejector 9. These data were obtained at 
Mach 1.35. The secondary diameter ratios were not necessarily the opti- 
mum values for the various exit diameter ratios. The effective thrust 
ratios increased rapidly as flow ratio increased even though full free- 
stream momentum of the secondary air was charged against the ejector. 
Thus, large gains would be realized if the drag and weight of the inlet 
system that provides the additional air can be kept low. 

One method of obtaining this additional air is the use of auxiliary 
inlets. Another method that was considered in detail is the use of the 
excess air-handling characteristics of a fixed- capture -area main inlet 
at lower than design speeds. Typical of inlets of this type is the one 
illustrated in the sketch of figure 27. With this inlet the compression 
surface is varied at each Mach number so as to maintain an inlet mass- 
flow ratio of 1, and excess air is disposed of through some sort of by- 
pass system (see ref. 4). For an assumed engine operating with an inlet 
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of this type, the schedule of bypass mass-flow ratio is shown in figure 
27. If it were possible to duct all of this bypass air around the engine 
and use it in the secondary passage of the ejector (assuming an after- 
burning primary temperature of 3500° E and a nonafterburning temperature 
of 1600° E) , then maximum available secondary-flow ratio would be as 
shown in figure 27. Estimating inlet pressure recovery, assuming addi- 
tional total-pressure losses in ducting the bypass air back to the ejec- 
tor, and taking the upper schedule of nozzle pressure ratio of figure 23, 
the maximum available ejector pressure ratio becomes that shown also in 
figure 27. In the analyses that follow, where secondary air is assumed 
to be obtained from the inlet bypass, the limits of available weight 
flow and of available pressure shown in this figure will apply. Mechan- 
ical problems of ducting large quantities of high-pressure air around 
the engine are not considered. 

Figure 28 shows the improvement in performance of ejector 6 when 
large amounts of secondary air are supplied by the inlet bypass. In 
this case the secondary- flow rate (also shown in the figure) was re- 
stricted by the pressure limit. Although the secondary diameter ratio 
selected for this ejector was not necessarily the optimum, the improve- 
ment in performance was large. As discussed earlier, ejector 6 is a 
compromised version of a Mach 3 ejector (i.e., the expansion ratio is 
less than ideal at Mach 3) . Data at high secondary-flow rates were not 
obtained with ejectors that were not compromised (e.g., ejector 2), but 
the beneficial effects of high secondary flow would be obtained with 
these ejectors also. 

The effect on performance of using spoilers with ejector 1 is shown 
in figure 29. The spoilers were assumed to be retracted for high-speed 
afterburning operation and extended for transonic nonafterburning oper- 
ation. At Mach numbers 0.8 and 1 the spoilers caused jet separation as 
they were intended to do, and hence improved performance relative to the 
basic unmodified configuration, but failed to do so at Mach 1.35. Even 
when the jet did separate, however, the pressures in the separated re- 
gion were still less than pg because of the base pressure phenomenon 

described in reference 3. Thus, performance remained relatively low. 
Using inlet bypass air, air injection with the spoilers eliminated the 
loss in performance at Mach 1.35 as shown in the figure, but the result- 
ing performance was no better than that of the basic ejector. At Mach 
numbers 0.8 and 1 the performance was about the same with air injection 
plus spoilers as with the spoilers alone. With air injection alone 
(with the air again supplied by the inlet bypass), about the same im- 
provement in performance was attained at Mach numbers 0.8 and 1 as with 
the spoilers, but there was no improvement over the basic ejector at 
Mach 1.35. The secondary-flow rates again were limited by the pressure 
available. 
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Although the level of performance was low, a further comparison of 
the performance of the basic ejector 1 with the performance with air in- 
jection is presented in figure 30. At Mach 1.35 (fig. 30(a)) the per- 
formance of the basic ejector was higher at a given flow ratio than that 
with air injection. Therefore, at this Mach number it would be better 
not to use the air-injection slots and to pass all available secondary 
air through the secondary passage of the basic ejector. At Mach 1 (fig. 
30(b)) slightly higher performance was obtained at a given flow ratio 
when air injection through the slots was employed. At Mach 0.8 (fig. 
30(c)), the performance was higher when the slots were employed, even 
with zero secondary flow, than with the basic ejector. Increasing sec- 
ondary flow through the slots produced relatively small improvements in 
performance. Wall pressure distributions showed that with the slots 
open the primary flow did not overexpand internally as much as with the 
basic ejector. 


Variable Geometry and Low Secondary Plow 

An idealized variable-geometry ejector would have the following 
features: (l) variable exit diameter to obtain the ideal expansion 

ratio, (2) variable secondary diameter to produce a divergent shroud for 
each exit position, (3) variable boattail angle to avoid base area as 
exit diameter is varied, with leaves sufficiently long that boattail 
drag is negligible. An exit of this type was not tested, because with 
the nozzle always on design and with negligible drag the effective thrust 
ratio is known to be about 0.97. 


A simpler version of this exit was investigated and is designated 
ejector 7. The secondary diameter was kept fixed as exit area varied, 
and internal and external lines were varied with a single set of leaves 
that were short, and therefore boattail drag was not negligible. The 
schedule of exit diameter ratio employed is shown in figure 31. The 
ejector was designed so that the ideal expansion ratio was attainable 
for afterburning operation between Mach numbers 1.35 and 3. It was 
assumed that during the transition from afterburning to nonafterbuming 
operation at Mach number 1.35 the exit area was not changed. This re- 
sulted in overexpansion at Mach 1.35 (nonafterburning) . At Mach numbers 
1 and 0.8, the exit diameter was near the ideal value. However, at Mach 
numbers 1 and 0.8 the exit diameter was less than the secondary diam- 
eter (since the latter was kept fixed), with the result that the shroud 
was convergent rather than divergent. Such a configuration can have 
relatively low thrust particularly at low secondary-flow ratios and high 
primary pressure ratios. Alternatives would be to keep the exit diameter 
at least as large as the secondary diameter and permit overexpansion (as 
at Mach 1.35, nonafterburning) or to determine some optimum intermediate 
exit position. The selection of a different pivot point of the leaves 
that would permit secondary diameter to vary as the leaves rotated might 
avoid this problem. 
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The performance of ejector 7 is presented in figure 32 for 2-percent 
flow ratio. Also shown for reference is the estimated performance of the 
ideal variable ejector described earlier. Although ejector 7 would have 
the ideal expansion ratio at Mach 3, its performance will be less than 
that of the ideal ejector because of the boattail drag. Its relatively 
low performance at Mach numbers 1.35 and 1 (nonafterburning) was due to 
overexpansion and to the convergent shroud, respectively. 

Another ejector that also was mechanically simpler than the ideal 
variable ejector was ejector 8. The secondary diameter and also the 
boattail were fixed. The schedule of exit diameter ratio employed with 
this ejector is shown in figure 33. The flow was slightly underexpanded 
at Mach 3 in order to alleviate the off-design problem somewhat. The 
diameter ratio was near the ideal value at Mach numbers between 2 and 
1.35. For this ejector the exit diameter was never less than the value 
of the secondary diameter in order to avoid the problem of the conver- 
gent shroud. The shroud became cylindrical at Mach 1.35 and remained so 
at all Mach numbers less than that. This resulted in overexpansion for 
nonafterburning opera ti on . 

The performance of ejector 8 with 2-percent flow ratio (without base 
flow) is presented in figure 34. Again the performance of the ideal 
ejector is presented as a reference. At Mach 3 it is estimated that the 
performance of ejector 8 would be less than that of the ideal ejector 
because the flow is slightly underexpanded and because of boattail drag. 
At transonic speeds the performance is lower because of (l) overexpansion, 
(2) boattail drag, and (3) base drag. 


Variable Geometry and High Secondary Flow 

The improvement in performance of ejector 8 by employing large 
amounts of base flow to eliminate the base drag is also shown in figure 
34. It was assumed that the air was provided by the inlet bypass. The 
drop in performance for nonafterbuming operation was due partly to 
overexpansion of the primary flow and also to the total-pressure losses 
of the secondary flow. 

Ejector 9 also was simpler than the ideal variable ejector in that 
the exit area and the boattail were fixed. The schedule of secondary 
diameter ratio that was employed is presented in figure 35. By means of 
extrapolated data and one-dimensional-flow calculations, these values 
of diameter ratio were selected as those that would match the available 
bypass flow schedule satisfactorily. The performance of this ejector 
is presented in figure 36. As described in the Data Reduction section, 
the measured values of thrust ratio exceeded the theoretically maximum 
possible value for nonafterbuming operation. The theoretical values are 
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shown in figure 36 where this problem occurred. The performance at Mach 
3 again would he less than that of the ideal ejector because of boattail 
drag and because the flow was slightly underexpanded (d e /dp = 1.6). The 

drop in performance for nonafterbuming operation occurred because the 
secondary total pressure was less than free-stream total pressure as a 
result of the losses assumed in the maximum -pressure-ratio schedule of 
figure 27. 


Comparison 

The best performing ejectors of those considered thus far are com- 
pared in figure 37. The performance of fixed-geometry ejector 6 with 
high secondary flow was within the range of performance encompassed by 
the more complex variable-geometry ejectors. The highest performance 
in the low Mach number range was obtained with ejector 9. 


Ejectors with Full Afterburning 

Ejectors 10 to 13 were investigated with full afterburning over the 
entire speed range. The supersonic performance of ejectors 10 to 12 has 
been obtained in an earlier investigation, and the speed range is ex- 
tended into the transonic range in the present report. The performance 
of these ejectors based on the same pressure-ratio schedule as that of 
the previous ejectors is shown in figure 38 for 2-percent flow ratio. 
Ejector 10, which differed from ejector 11 only in that it had a smaller 
secondary diameter, had about the same performance as ejector 11. Be- 
cause these ejectors had high boattail angles representative of some 
fuselage-type installations, boattail drag was high, and thus the general 
level of performance was low. Ejector 12 had a higher expansion ratio 
(corresponding to complete expansion at Mach 3) than ejectors 10 and 11. 
For a given engine and fuselage size, an increase in expansion ratio 
would result in an increase in exit area and hence a reduction in boat- 
tail area. The increased overexpansion losses with the higher expansion 
ratio at off-design conditions would at least be partly compensated for 
by the decreased boattail drag. However, because of details of model 
construction, ejector 12 had a smaller primary-nozzle area than ejectors 
10 and 11; whereas exit area, fuselage area, and boattail geometry were 
identical. Hence the data of figure 38 do not show the net effect of a 
simple change in expansion ratio, but rather show the effect of Mach 
number on the performance of various ejector geometries. As with ejec- 
tors 10 and 11, the level of performance of ejector 12 was low because 
of high boattail drag, but additional losses occurred with ejector 12 
because of the greater degree of overexpansion of the primary flow. 
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The effect of secondary flow on the performance of ejectors 10 to 
12 at Mach 1 is shown in figure 39. Again, appreciable increases in per- 
formance occurred as flow ratio increased. 

The effect of secondary flow on the performance of ejector 13 is 
shown in figure 40. The nozzle-pressure-ratio schedule was lower than 
that for the previous nozzles (see fig. 23) . The magnitude of the in- 
crease in performance as a result of increasing the flow ratio differed 
with Mach number but was appreciable at all Mach numbers. The greatest 
improvement occurred at Mach 1.5. 


SUMMARY OF RESULTS 

The off-design performance of fixed- and variable -geometry divergent 
ejectors has been investigated. The ejectors were designed for turbojet 
operation at Mach 3 and were investigated in the Mach number range 0.8 
to 2. The following results were obtained: 

1. Large performance losses occurred at off -design Mach numbers 
with simple fixed-geometry ejectors designed for peak performance at 
Mach 3. 


2. Compromising design performance by increasing the divergence 
angle or by decreasing the expansion ratio produced large gains in off- 
design performance. A decreased expansion ratio was a better compromise 
than an increased divergence angle. 

3. Increasing the secondary airflow to fill in the excess exit area 
of fixed-gecanetry ejectors at off-design conditions produced large gains 
in performance and made them competitive with fairly complex variable- 
geometry types. 

4. Variable-expansion-ratio ejectors with compromises to reduce 
mechanical complexity produced performance reasonably close to that of 
an ideal variable ejector. 

5. An ejector with a fixed exit area and a variable secondary diam- 
eter with high secondary airflow produced the best performance of the 
types investigated. 


Lewis Flight Propulsion Laboratory 

Rational Advisory Committee for Aeronautics 
Cleveland, Ohio, July 15, 1958 
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d e/ d p , ab _ d ® 
d s/ d p,ab = !-05 (ejector 1) 

-- 1.21 (ejector 2) 

l / d p,ab = 2-37 
P = 2° 

a = 9° (ejector 1) 

= 7° (ejector 2) 



d e/ d p , ab — 1 • 7b 
d s/ d p,ab = i* 0 *^ 

l / d p,ab - 2 ’ 37 
0 = 2 ° 

d B/ d p,ab - l- 78 




d „/ d 


p,ab 


1.45 

1.05 (ejector 5) 


d s/ d p,ab 

= 1.21 (ejector 6) 
V d p> ab ~ 1 *26 

P - 7.5° 

a = 9° (ejector 5) 

~ 6.5° (ejector 6) 

(d) Ejectors 5 and 6: d p>nb /d pjab = 0.75; d,„/d p(ab = 2.0. 

Figure 1. - Ejector geometries. 
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(e) Ejector 1 with spoilers and air injection. 



(f) Ejector 7: d p ^ nb /d p>ab - 0.75; d m /d pjah = 2.0. 




(h) Ejector 9: d Pf nb/dp,ab= 0.75; d m /d p ,ab = 2 *°» 


Figure 1. - Continued. Ejector geometries. 
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= 1.45 

=» 1.09 (ejector 10) 
= 1.21 (ejector 11) 
2 / ^p, ab ** 0,8 
Pi = 5° 

P 2 = 7.5° 

a = 12.5° (ejector 10) 

8.5° (ejector 11) 
V d p,ab = 1-5 


= l-0> . b = 2.5. 




(k) Ejector 13: d p , n b/ d p,ab * !.°J a m/ d p,ab * i- 45 - 

Figure 1. - Concluded. Ejector geometries. 
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Figure 2. - Tunnel installation 
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(c) Mach number, 1.0. (^) Mach number, 0.8. 

Figure 3. - Concluded. Pitot pressure profiles upstream of boattail. 
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Flow 



(c) Mach number, 0.8. 


Figure 4. - Concluded. Boattail static-pressure distribution with 7.5° boattail angle. 
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(a) Mach number, 1.35. 



V s |/ T S 

Secondary -flow ratio, ~ 
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(b) Mach number, 1.0. 


Figure 5. - Comparison of measured and maximum thrust ratios for ejector 8 
with no afterburning. 
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(a) No afterburning; Mach number, 1.35. (b) No afterburning; Mach number, 1.0. (c) No afterburning; Mach 
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(a) No afterburning; Mach number, 1.35. (b) No afterburning; Mach number, 1.0. 











(a) No afterburning; Mach number, 1.35. (b) No afterburning; Mach number, 1.0. (c) No afterburnii 
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(a) No afterburning; Mach number, 1.35. (b) No afterburning; Mach number, 1.0. ( c ) No afterburning; Mach 
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Figure 17. - Performance of ejector 8 without base flow. 
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Figure 25. - Effect of design compromises vith fixed ejectors. Secondary- flow ratio, 0.02 
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Figure 27. - Schedule of Inlet bypass air available for ejector. 














Figure 28. - Effect of secondary flow on performance of fixed ejector 














Figure 29. - Effect of spoilers and air injection on performance of fixed ejector 
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Figure 32. - Effect of design compromises of variable- geometry ejector 7. Secondary- flow ratio, 0.02. 
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Figure 34. - Performance of variable-geometry ejector 
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Figure 35. - Secondary- diameter- ratio schedule of ejector 



Figure 36. - Performance of variable- geometry ejector 
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Figure 40. - Effect of secondary flow on performance of ejector 13. 
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